It has long been known that the neuromuscular junction is very sensitive to carbon dioxide and the transmission across this junction is easily blocked under the effect of this gas. The aim of the present experiment is to clarify the underlying mechanism of this blockage by analysing the effects of carbon dioxide on the pre-and postsynaptic elements.
According to the chemical transmission hypothesis (1) (2) , the impulse in the motor nerve fiber on reaching the terminals causes acetylcholine, the transmitter, to be released there . This substance diffuses to and reacts with the receptor in the surface of end-plate . The reaction occuring between the receptor and the transmitter alters the physicochemical properties of the surface membrane of end plate and consequently induces the excitation of muscle membrane.
It was clarified in this study that although the sensitivity of end-plate membrane to acetylcholine is considerably increased by the effect of carbon dioxide , the neuromuscular transmis sion is blocked on account of the failure in impulse conduction at the motor nerve terminals.
METHODS
The nerve-sartorious preparation of the toad was used throughout the present experiment.
The preparation was mounted in a chamber schematically shown in Fig. 1 .
The isotonic contractions of the muscle to direct and indirect stimuli were recorded on a smoked drum.
For the direct stimulation of the muscle, an electric current pulse having 1 msec duration and a supramaximal intensity was applied to the muscle through fine wires attached to each of the proximal and distal tendons of the muscle.
For the indirect stimulation of the muscle, a similar electric current was applied to the sciatic nerve through the stimulating electrodes located in a sepa rate small compartment.
When the action potential or the end-plate potential of the muscle was recorded with an intracellular microelectrode, the muscle was placed flat , deep surface uppermost, on a concurve perspex block forming the floor of the central part of the chamber.
It was held in this position by fixing each end of muscle tendons with small needles to the rubber plates attached to the perspex block.
The method of direct stimulation of a single muscle fiber was essentially similar to that reported by Fatt and Katz (2).
The sensitivity of end-plate membrane to acetyl choline was measured by the method described by Fatt (3). CO2 on the mechanical responses of sartorious muscles to nerve stimuli. The stimulation was usually given in frequency of 1/sec for 30 seconds with a time inter val of 1 to 5 minutes.
With 5 % CO2 the transmission was blocked usually within 40 minutes and with 25 % CO2 within 20 minutes.
The blockage was very rapidly induced by 100 % CO2; it took only a matter of 2 minutes, as is seen in this figure .
At the initial stage of CO2-effect the heights of contractions to a train of nerve stimuli lowered evenly, but, as time advanced, they became irregular and showed a rapid decrease even during a train of nerve stimulation.
Immediately before the complete blockage of neuromuscular transmission, each contraction became very small and appeared in an all-or-nothing fashion.
The normal Ringer's solution was substituted for the CO2-containing solution soon after the complete blockage of the transmission took place.
In spite of a repeated washing of the preparation with Ringer's solution, the blockage sustained at least for 10 minutes independently of the concentrations of applied carbon dioxde. Then, the preparation began to respond with very small contractions to nerve stimuli.
The recovery of contraction height, thereafter, was relatively rapid and attained approximately 2/3 of the original height usually in another 10 minutes. The time needed for a complete recovery, however, was rather long (approximately one hour). There was not so much difference in the recovery time of the muscles treated with 5 % and 25 % CO2. The reappearance of the transmission in the preparations treated with 100 % CO2 considerably delayed even though the duration of application was very short.
To direct stimulation: Thus, as mentioned above, the muscle response to indi rect stimulation was markedly affected by carbon dioxide even with lower concentra tions.
The muscle contraction to direct stimulation was, however, very slightly affected, as being shown in Fig. 2 .
The double circles in this figure indicate the contraction heights of a muscle to direct stimulation under the effect of 25 % CO2. The contractions maintained the same magnitude for more than one hour in such a condition, in spite of that the muscle response to nerve stimulation had completely disappeared.
It is apparently clear therefore that the site of neuromuscular blockage is neither the muscle membrane nor the contractile structures, but it must be somewhere at the synaptic structures or at the motor nerve.
Electrical activities of muscle fibers under the effect of carbon dioxide
The resting electrical properties of muscle membrane were not significantly affect ed by 5 or 25 % CO2. With 100 % CO2, the resting potential reduced by a few mV in many fibers. Thus, the resting potential of the muscle membrane was quite resis tive to the effect of carbon dioxide, while the threshold for excitation was considerably raised by 25 and 100 % CO2. Fig. 3 shows the action potentials of a single muscle fiber induced by cathodal current pulses of 4 cosec duration.
In the normal condition (left) the fiber fired off the action potential at the level of -48 mV, and Effect of carbon dioxide on the threshold of muscle membrane: The left record shows an ection potential of a single muscle fiber taken in the normal Ringer's solution.
The right one was recorded from the same muscle fiber approximately 2 minutes after the application of 100 % CO2. Note the difference in threshold levels in both records. Action potentials of sartorius nerve before and after the application of 100 % CO2: Records 1 and 2 were taken immediately b fore and 5 minutes after the application of 100 % CO2, respectively.
Record 3 shows a superposition of records 1 and 2. The diagram at the bottom of this figure illustrates the electrode arrangements.
The sciatic nerve and the distal part of sartorius nerve were lifted from the bathing solution and mounted on the recording and stimulating electrodes.
The nerve length between S2 and R1 electrodes was 50 mm. S1S2: stimulating electrodes R1R2: recording electrodes Tinie marks: 1000 cycles/sec Voltage calibration: 0.5 mV.
shown at the bottom of this figure. as is seen in Fig. 4 . At 10 minutes, the conduction velocity was visibly decreased, but the decrease was always less than 10 % of the control velocity. The decreases in amplitude and conduction velocity of nerve impulse may be largely due to the elevation of the threshold under the effect of carbon dioxide (4). ACh In the preparations treated with 100 % CO2 (Fig. 6) In each record about 10 end plaid potentials were superimposed. (record F) and gained their height progressively as time advanced (records F-K). The reappearance of small epps, in general, preceded several minutes before the recovery of mechanical responses to nerve stimuli.
Another marked change other than the alteration in their magnitude was the lengthening of the latency, i. e., the time between the nerve stimulation and the onset of epp.
As is clearly seen in these records the latency of epps progressively lengthened as the effect of carbon dioxide advanced.
For instance, the latency of epp recorded 2 minutes after the application of carbon dioxide was approximately two times longer than the normal latency.
Furthermore, as is shown in Fig. 8 , the latency of epps changed in parallel with the height of epps, except for only the initial stage of CO2-effect.
The same tendency was also recognizable even during the recovery of epps after the washing of preparation with the normal Ringer's solution.
The results clearly indicate that the most susceptible focus to the depressing action of carbon dioxide is the motor nerve terminals.
DISCUSSION
The impulse conduction along the sartorius nerve was not so markedly affected under the presence of carbon dioxide. The striking delay of the onset of end-plate potential, therefore, must be attributed to a marked lowering of the conduction velocity of impules at the motor nerve terminals or a marked lengthening of the time between the arrival of impulse and the ejection of acetylcholine.
Perhaps, both possibilities might occur concurrently. The lowering of epp height indicates a de crease in the amount of acetylcholine liberated by a nerve impulse, since the sensitivity of end-plate membrane to acetylcholine is accelerated by carbon dioxide. For instance, the acetylcholine sensitivity of end-plate membrane under the effect of 25 and 100 % CO2 increased by approximately 1.5 times, and the height of epps recorded immediately before the complete depression was about 40 % of the normal ones. This in turn means that the liberated acetylcholine per single nerve impulse at such a moment decreased to about 70 % of the normal value.
On the other hand, at the initial stage of carbon dioxide effect, the height of epp was temporarily increased.
Such an initial augmentation of epp may be explained by the increased sensitivity of end-plate membrane to acetylcholine.
The mechanism of the acceleration of ACh-sensitivity of end-plate membrane can not be elucidated in the present experiment.
However, this may be partly due to an anticholinesteraselike action of carbon dioxide, because the acceleration was smaller in the eserinized preparations.
As a possible cause for the reduction of acetylcholine liberation, carbon dioxide may induce the following changes in the presynaptic element: i) Reduction of the amplitude of terminal action potential.
ii) Dissociation of excitation-secretion coupling.
iii) Reduction of stored acetylcholine (5) (6) (7). These possible changes, however, were not particularly due to the change in hydrogen ion concentration of the external solution or possibly of axoplasm, because an addition of hydrochloric acid or sulfric acid into the bathing solution till its pH became as low as 5 did not noticeably affected the neuromscular transmission. A sudden disapearance of end-plate potentials in an all-or-nothing fashion would be caused by the conduction block at the nerve terminals.
It is well known that the nerve terminals branch into many processes after loosing their myelin sheath (8) (9) (10).
Such an architectual arrangement and the elevation of their threshold for excitation (4) may accelerate the conduction block at the terminals.
It is thus clear from the present experiment that the transmission blockage caused by carbon dioxide is mainly on account of the failure of impulse conduction in the presynaptic terminals. The threshold rise in muscle membrane also would contribute to the blockage, but this merely has a secondary significance. The effect of carbon dioxide on neuromuscular transmission was analyzed on the nerve-sartorious preparations of the toad. 
